A two-step approach was used to predict s 28 promoter sequences in a number of Gammaproteobacteria. Putative promoters were initially identified upstream of motility and chemotaxis genes in test species based on their similarity to the Escherichia coli s 28 promoter consensus. These sequences were then used to generate position specific score matrices that were used iteratively during wholegenome analyses. The consistent identification of promoter sequences upstream of orthologous genes suggested that the predictions were biologically relevant.
Introduction
In bacteria, sigma 28 (s 28 or s F ) is usually called the motility sigma factor due to its involvement in flagella biosynthesis (Helmann & Chamberlin, 1987; Fredrick et al., 1994) . Flagella assembly is, however, a hierarchical process, requiring certain genes to be expressed before others. In Escherichia coli, s 70 (the housekeeping sigma factor) is required for expression of the early genes that control expression of the entire regulon, whereas s 28 is only required for middle and late gene expression (Chilcott & Hughes, 2000) . Other bacteria, for example the Vibrionaceae, required s 54 for middle gene expression, while s 28 is only required for late gene expression (McCarter, 2001; Prouty et al., 2001) .
Promoter sequences have been experimentally identified in E. coli and several other bacteria (Helmann & Chamberlin, 1987; Prouty et al., 2001; Yu & Tan, 2003; Manos & Belas, 2004) . The experimentally identified s 28 promoters in E. coli are shown in Table 1 , along with two possible consensus sequences. The shorter of the two promoter consensus sequences (TAAAG-N 14 -GCCGATAA) contains the most highly conserved DNA sequence information. The longer promoter consensus sequence (TAAAGTTT-N 11 -GCCGA TAA), proposed by Ide et al. (1999) , contains more information, but the DNA sequence is less highly conserved. A consensus sequence determined for Vibrio cholerae (Prouty et al., 2001 ) matches the shorter E. coli s 28 consensus, suggesting that this consensus sequence may be more highly conserved across different bacterial species.
Consensus sequences have been used to predict promoters by simple pattern matching. However, because consensus sequences are often defined in an arbitrary way, and because experimentally identified promoters sometimes do not match the consensus well, pattern matching on a genomic scale is likely to be an unreliable method for promoter prediction (Stormo, 2000) .
An alternative approach for promoter prediction involves the generation of a position specific score matrix (PSSM), where a weight is assigned to each base at each position in the promoter sequence (Stormo, 2000) . This weight is based on the frequency with which each base is observed at each position in a collection of experimentally identified promoters. A final PSSM score is calculated as the sum of the weights at each position in the promoter. This approach was adopted for the SCANPROM program that was designed to identify s 28 promoters in E. coli (Park et al., 2001) . Use of this approach for promoter prediction is highly influenced by the choice of cut-off value (low cut-off values encourage a high false-positive rate, while high cut-off values encourage a high false-negative rate). However, the approach can be effective for promoter prediction when a reasonable number of experimentally identified promoters are available for generating the initial PSSM. Unfortunately, this preliminary information is not available for most bacterial species. Additionally, analysis of the frequencies of bases at each position in the E. coli and V. cholerae s 28 promoters indicates that a PSSM generated for one organism might not be ideal for predicting promoters in another.
A new approach has been applied to s 28 promoter prediction in the Gammaproteobacteria that involves two steps. A simple pattern-matching approach, using the short E. coli s 28 promoter consensus sequence, is initially used to predict s 28 promoters upstream of motility and chemotaxis genes in the test species. These predicted promoters are then used to generate a preliminary PSSM. Because this PSSM will be biased towards sequences with strong similarity to the E. coli consensus, an iterative step is added to allow for species-specific consensus variation. Using this approach, it has been shown that V. cholerae and Shewanella oneidensis share a s 28 promoter consensus (TAAAG-N 14 -GCCGATA) that is more similar to the s 28 consensus of E. coli, than that of Xanthomonas oryzae and Xanthomonas campestris (TCAAG-N 14 -GCCGATA). The identification of putative promoters upstream of orthologous genes added confidence to the predictions of the study and, in addition, identified a group of conserved hypothetical genes in X. oryzae and X. campestris that have s 28 promoters.
Materials and methods

DNA sequence acquisition
The EcoCyc database (http://ecocyc.org/) was used to identify motility and chemotaxis genes and s 28 promoter sequences in E. coli K12-MG1655. Motility and chemotaxis genes for V. cholerae 01 El Tor N16961, S. oneidensis MR-1, X. oryzae KACC10331 and X. campestris 8004 were identified from the TIGR genome annotations provided by the comprehensive microbial resource (CMR) database (http:// cmr.tigr.org/tigr-scripts/CMR/CmrHomePage.cgi). Intergenic DNA sequences for each species were obtained from the regulatory sequence analysis tools (RSAT) database (http://rsat.ulb.ac.be/rsat/).
Random sequence generation
For random sequence generation, bases were assumed to be distributed independently (i.e. to exhibit no spatial dependence), thereby allowing base frequencies to be simulated according to each base's a priori probability (based on the GC content of the genome). For E. coli, V. cholerae and S. oneidensis, simulations were based on a GC content of 50%. For X. oryzae and X. campestris, simulations were based on GC contents of 64% and 65%, respectively.
Pattern matching approach to promoter prediction
The length of the two DNA sequence motifs present in a promoter (the À 35 and À 10 regions) were defined as L1 and L2, while the fixed distance separating the two motifs was defined as N. The short E. coli consensus sequence (where L1 = 5, L2 = 8 and N = 14) was used for pattern matching in the intergenic regions upstream of the motility and chemotaxis genes. To reduce the false-positive rate, a limit of 400 bp was placed on the length of DNA upstream of each gene analyzed. This approach was considered acceptable because most promoters are located within $100 bp of the translational start codon. Pattern matching scores (x) were calculated based on the equation:
If the ith base in the test DNA sequence matched the ith base in the consensus, then w i scored 1. Alternatively, if the bases did not match, w i scored 0. Therefore, this pattern matching score simply counts the number of matching bases between the consensus and the test sequence. This analysis was performed at all possible positions along the test sequence and a pattern matching score assigned for each location. If a pattern matching score was equal to, or higher than, the cut-off score, then the sequence was identified as a potential s 28 promoter. A cut-off score of 10 was chosen because several promoters match the consensus sequence at 10 out of 13 bases. The numbers of expected false-positive predictions using 10 as the cut-off score were calculated using randomly generated DNA sequence of the total length of the intergenic regions analyzed for each species. For E. coli, 4791 bp of DNA sequence was analyzed, and the likely number of false-positive predictions calculated to be 0.6. For V. cholerae, S. oneidensis, X. oryzae and X. campestris, 14767, 13692, 8771 and 12888 bp of DNA sequence were analyzed and the false-positive prediction rates were 1.8, 1.7, 1.1 and 1.6, respectively.
PSSM approach for promoter prediction
Promoter sequences predicted by the pattern matching approach were aligned to construct an initial PSSM for each species. The number (M) of predicted promoters and the occurrence of each base i (A, C, G, T) at each position j (i.e. q ij ) were used to calculate the frequency of each base at each position (f ij ), which is equal to q ij /M. When M is a small number, f ij will be inaccurate. For analyses, the weight w ij , which is the weight for each base i at each position j, was based on the logarithm of the base frequencies. When f ij was greater than 0, w ij was calculated as
When a specific base was not observed at a specific position in the promoter alignments (i.e. when f ij = 0), a parameter m (defined below) was used to avoid log zero, such that w ij = À ln(p i (Mm11)). Initial PSSM scores (x) were then calculated as the sum of the weights for each base in the sequence:
where j is the ith base in the test DNA sequence. Sequences with matrix matching scores (x) equal to, or higher than, the PSSM cut-off value were considered to be putative s 28 promoters. Predictions from the initial PSSM were used to build the next PSSM. This iterative approach was continued until two consecutive PSSM predictions identified the same s 28 promoter sequences. A parameter m was used to prevent log zero during PSSM construction (as described in Bucher, 1990) . This parameter also controls the penalty for unique base changes. Use of this penalty is important because false predictions are likely to have unique base changes at sites that are normally highly conserved. However, determining an appropriate value for m when only a limited number of experimentally identified promoters are available is difficult. For analysis, an m value of 100 was used to prevent the prediction of promoters that have unique base changes.
Assigning an appropriate cut-off value for iterative PSSM analyses is particularly important. Use of a cut-off value that is too high will result in the loss of data, and consequently, a low number of, or no, iterations. Use of a cut-off value that is too low will result in a large number of false-positive predictions that will influence the building of subsequent PSSMs and result in a large number of iterations that may never stabilize. The total length of DNA sequence analyzed for each bacterial species for these whole genome analyses was between 4 Â 10 5 and 7 Â 10 5 bp. Cut-off values were set to control the false-positive rate at 1 for every 5 Â 10 5 bp of sequence analyzed using random DNA sequence of 5 Â 10 7 bp. A more accurate cut-off value could be generated at the expense of time by increasing the amount of randomly generated sequence to 4 1000 Â larger than the amount of actual DNA sequence analyzed. However, because the falsepositive rate is set arbitrarily, identifying the perfect cut-off value would probably have little influence on the biological accuracy of the final predictions.
Results
Promoter prediction in E. coli
To test the applicability of the approach of this study, promoter prediction was first performed in E. coli, where a number of promoter sequences have been rigorously identified. Pattern matching identified 11 s 28 promoters with scores of 10 or higher (Table 1) . As would be expected, the predicted promoters had all previously been experimentally identified. Three experimentally identified promoters were not predicted by analysis of this study because they are not upstream of motility genes and/or are not in intergenic regions.
A PSSM constructed using the 11 promoters predicted by the pattern matching approach identified 12 putative promoters in a genome-wide search. These putative promoters were used to build a second PSSM, which identified the same 12 putative promoters (Table 1 ). The stability of this iterative PSSM analysis was expected because of the large number of experimentally identified promoter sequences that are available for E. coli. However, using this approach, only 10 of the 14 experimentally identified promoters were predicted. The trg and flxA promoters both have unique base changes that would prevent their prediction, while the yhjH and motA promoters are not intergenic. Interestingly, putative promoters were predicted upstream of the modA and yegL genes. Park et al. (2001) also predicted a s 28 promoter upstream of the modA gene.
Promoter prediction in V. cholerae
The pattern matching approach identified 10 s 28 promoters with scores of 10 or higher upstream of motility genes in V. cholerae (Table 2) . However, only four of the promoters reported by Prouty et al. (2001) were identified by this analysis, although a variation of the pomA (motA) promoter was identified. The motY promoter was not identified because the promoter sequence is not intergenic (although the promoter is also poorly conserved when compared with the consensus). The promoter upstream of the VC2191 flgK (reported as flgM in Prouty et al. 2001) gene was also not identified. The 10 predicted promoters identified by the pattern matching approach were used for PSSM generation. The PSSM predicted 12 putative promoters in the first genome-wide search and three further iterations were required for the PSSM to stabilize at 12 predictions (Table 2) .
Promoter prediction in S. oneidensis
The pattern matching approach predicted nine s 28 promoter sequences upstream of motility and chemotaxis genes in S. oneidensis (Table 3) . These putative promoters were used for PSSM construction. The initial PSSM constructed from the results of the pattern matching approach identified 10 promoters in a genome-wide search. These 10 sequences were used to build four further PSSMs that stabilized at 12 promoter predictions (Table 3) .
Promoter prediction in X. oryzae and X. campestris Two Xanthomonas species were chosen as the final test microorganisms for this study, because the two species are closely related to each other, but are more distantly related to the previously examined Gammaproteobacteria. The pattern matching approach was used to predict nine s 28 promoters in X. oryzae (Table 4) and 17 s 28 promoters in X. campestris (Table 5) . Interestingly, eight of the nine genes with putative s 28 promoters in X. oryzae were also predicted to have s 28 promoters in X. campestris. The exception, XOO3126, is an ortholog of XC1709, which is not predicted to have a s 28 promoter, nor to be in a s 28 -regulated operon. The nine putative s 28 promoters identified by the pattern matching approach in X. oryzae were used to construct an initial PSSM that predicted 12 promoters in a genome-wide search. Three further iterations were required for the PSSM to stabilize at 18 promoter predictions (Table 4 ). The 17 putative s 28 promoters identified by the pattern matching approach in X. campestris were used for PSSM construction. Screening the genome for putative s 28 promoters required the construction of five subsequent PSSMs before stability was achieved and 28 putative promoters were predicted (Table 5) .
Modified r 28 promoter consensus sequences in the Gammaproteobacteria
The results of the PSSM analyses were used to generate species-specific s 28 promoter consensus sequences. V. cholerae and S. oneidensis, both of which are closely related to E. coli, showed a consensus sequence (TAAAG-N 14 -GCCGA-TA) that is very similar to the short E. coli s 28 promoter consensus, TAAAG-N 14 -GCCGATAA. However, both Xanthomonas species showed consensus sequences that are more distantly related to the E. coli consensus, but that are identical to each other (TCAAG-N 14 -GCCGATA).
Inter-species comparison of genes with predicted r 28 promoters
Most of the genes predicted to have s 28 promoters in this study are involved in flagella biosynthesis or chemotaxis. Table 6 shows the E. coli s 28 -regulated transcriptional units that are present in part, or in whole, in other species. Only two of the E. coli flagellar biosynthetic class II/III transcriptional units are present in other species. The flgMN operon appears to be transcribed by s 28 in both V. cholerae and Predicted promoter sequences and the distance between the promoters and the translational start codon are shown. Bases that match the consensus are highlighted in bold. Pattern matching scores were not determined for several genes because these genes are not associated with motility. Ã Gene with two promoter predictions. Predicted promoter sequences and the distance between the promoters and translational start codons are shown. Bases that match the consensus sequence are highlighted in bold. Pattern matching scores were not determined for several genes because these genes are not associated with motility. Ã Genes with two promoter predictions.
S. oneidensis, while s 28 is predicted to transcribe only flgM in X. oryzae and X. campestris. A fliDST operon is not predicted to be transcribed by s 28 in any of the organisms tested, although individual fliD and fliS genes are predicted to have s 28 promoters in both Xanthomonas species. Several genes in the E. coli class III flagellar biosynthetic transcriptional units are predicted to be regulated by s 28 in the other species tested. For example, the flagellar filament genes [fliC in E. coli (Kuwajima et al., 1986) , X. oryzae, and X. campestris (Lee et al., 2003) , flaB, flaC, flaD and flaE in V. cholerae (Hughes et al., 1994; Klose & Mekalanos, 1998) , and fla in S. oneidensis] were all predicted to have s 28 promoters. The motor genes (mot/pom) were also predicted to have s 28 promoters in every species analyzed. Few chemotaxis genes were predicted to have s 28 promoters, although many appear to be transcribed in s 28 -regulated operons. Several genes encoding hypothetical proteins were predicted to have s 28 promoters. Interestingly, five of these genes in X. oryzae were shown to be orthologues of five hypothetical genes in X. campestris that were also predicted to have s 28 promoters (Table 6 ). Orthologues of these proteins are not present in E. coli, V. cholerae or S. oneidensis. However, one set of orthologues, XOO2834 and XC2301, is located upstream of cheAY genes, and may consequently be associated with chemotaxis. Gelfand et al. (2000) suggested that regulons and regulatory motifs are well-conserved structures in related bacteria and several groups have further proposed that the conservation of DNA sequence motifs upstream of orthologous genes across species can be used to add confidence to motif predictions (Liu et al., 2003; Rodionov & Gelfand, 2005; Alkema et al., 2007) . Consequently, the prediction of s 28 promoters upstream of orthologous genes in two (or more) species increases the confidence that predictions of this study are biologically relevant.
Discussion
Predicting promoters on a genome-wide scale is problematic. One major problem is the high number of falsepositive predictions caused by the large amount of DNA analyzed. We circumvented this problem by only analyzing intergenic regions of 400 bp or less. This approach can only be considered partially successful because promoters within genes cannot be identified. Reducing the amount of intergenic DNA sequence analyzed further may be reasonable because the average position upstream of the start codon of the predicted promoters was 69 bp for E. coli, 124 bp for V. cholerae, 142 bp for S. oneidensis, 102 bp for X. oryzae and 126 bp for X. campestris. Additionally, while 10 promoters were predicted by PSSM analysis to be located 4200 bp from the start codon, four of these predictions (SO1445 in S. oneidensis, XOO2561 in X. oryzae, and XC0613 and XC1760 in X. campestris) were upstream of hypothetical genes that do not have orthologues with predicted s 28 promoters in other species, while three other predictions (the yegL promoter in E. coli, the VC2439 promoter in V. cholerae and the SO1056 promoter in S. oneidensis) had scores close to the PSSM cut-off.
The promoter predictions reported in this study are the result of a single analysis for each species. Because the predictions are based on cut-off values generated by analysis of only 5 Â 10 7 bp of randomly generated sequence, repeating the analyses could result in slightly different predictions (particularly in those sequences with PSSM scores close to the cut-off value) as the cut-off value varies. However, any computer simulation-based approach will only be partially successful in generating biologically meaningful data. The biological relevance of analyses of this study was suggested by the conservation of s 28 promoters upstream of orthologous genes in two or more species. Whereas the identification of s 28 promoters upstream of middle/late flagella biosynthesis genes was expected, the identification of s 28 promoters upstream of orthologous hypothetical genes in the Xanthomonas species was unexpected but indicative of the success of the approach of this study.
A second problem associated with promoter prediction is that promoter sequences have not been rigorously identified for most bacterial species. To address this problem, it was assumed that s 28 promoters in the Gammaproteobacteria would probably be well conserved, allowing use of the E. coli s 28 promoter consensus for initial screens. However, because species-specific s 28 promoter consensus variation might occur, an iterative approach was incorporated into the PSSM-based predictions of this study. This approach appears to have been successful because each PSSM did quickly stabilize even though new promoter sequences were incorporated.
One problem still associated with the promoter prediction approach of this study is the high false-negative prediction rates that appear to have been caused by use of the parameter m. The use of pseudocounts (Hertz & Stormo, 1999) , rather than the parameter m, to prevent log zero during PSSM construction could reduce this problem.
The iterative PSSM approach for promoter prediction outlined in this study should be suitable for use in other Gammaproteobacteria, and perhaps to even more distantly related bacteria, particularly since the fliA gene that encodes s 28 in the hyperthermophile Aquifex aeolicus can partially complement a fliA mutant of E. coli (Studholme & Buck, 2000) . Future studies will focus on refining this approach to facilitate promoter prediction in a wider range of bacterial species. 
